Bridging interactions of proteins with silica nanoparticles: The influence of pH, ionic strength and protein concentration by Bharti, Bhuvnesh et al.
Soft Matter
PAPER
Pu
bl
ish
ed
 o
n 
14
 N
ov
em
be
r 2
01
3.
 D
ow
nl
oa
de
d 
by
 T
U
 B
er
lin
 - 
U
ni
ve
rs
ita
et
sb
ib
l o
n 
25
/0
2/
20
16
 1
3:
30
:1
0.
 
View Article Online
View Journal  | View IssueaInstitut fu¨r Chemie, Stranski Laboratoriu
Strasse des 17. Juni 124, D-10623 Berlin, G
com; ndenegg@chem.tu-berlin.de
bInstitut fu¨r Theoretische Physik, PN
Hardenbergstrasse 36, D-10623 Berlin, Germ
† Electronic supplementary information (
nanoparticle dispersion, sedimentation s
aggregates and images of silica–lysozym
values and salinities. See DOI: 10.1039/c3
‡ Present address: Department of Chemic
Carolina State University, Raleigh, NC 276
Cite this: Soft Matter, 2014, 10, 718
Received 11th September 2013
Accepted 5th November 2013
DOI: 10.1039/c3sm52401a
www.rsc.org/softmatter
718 | Soft Matter, 2014, 10, 718–728Bridging interactions of proteins with silica
nanoparticles: The inﬂuence of pH, ionic strength
and protein concentration†
Bhuvnesh Bharti,‡*a Jens Meissner,a Sabine H. L. Klappb and Gerhard H. Findenegg*a
Charge-driven bridging of nanoparticles by macromolecules represents a promising route for engineering
functional structures, but the strong electrostatic interactions involved when using conventional
polyelectrolytes impart irreversible complexation and ill-deﬁned structures. Recently it was found that
the electrostatic interaction of silica nanoparticles with small globular proteins leads to aggregate
structures that can be controlled by pH. Here we study the combined inﬂuence of pH and electrolyte
concentration on the bridging aggregation of silica nanoparticles with lysozyme in dilute aqueous
dispersions. We ﬁnd that protein binding to the silica particles is determined by pH irrespective of the
ionic strength. The hetero-aggregate structures formed by the silica particles with the protein were
studied by small-angle X-ray scattering (SAXS) and the structure factor data were analyzed on the basis
of a short-range square-well attractive pair potential (close to the sticky-hard-sphere limit). It is found
that the electrolyte concentration has a strong inﬂuence on the stickiness near pH 5, where the weakly
charged silica particles are bridged by the strongly charged protein. An even stronger inﬂuence of the
electrolyte is found in the vicinity of the isoelectric point of the protein (pI ¼ 10.7) and is attributed to
shielding of the repulsion between the highly charged silica particles and hydrophobic interactions
between the bridging protein molecules.1. Introduction
The interaction of proteins with nanoscale materials plays a key
role in modern biotechnology and in the biomedical eld.1–3
Much research has therefore been devoted to better understand
the fundamentals of protein adsorption.4–11 It is well-estab-
lished that proteins adsorb strongly onto hydrophobic surfaces,
even under electrostatically adverse conditions, because the
driving force for adsorption originating from dehydration of a
hydrophobic surface largely outweighs electrostatic repul-
sion.12,13 Protein adsorption onto hydrophilic surfaces depends
on the conformational stability of the protein, and a distinction
between structurally inexible (“hard”) and pliable (“so”)
proteins has been introduced to account for diﬀerences in the
adsorption behavior.13 Whereas so proteins can relax to a lessm, TC 7, Technische Universita¨t Berlin,
ermany. E-mail: bhuvneshbharti@gmail.
7-1, Technische Universita¨t Berlin,
any
ESI) available: Characterization of silica
eperation rates of the silica–lysozyme
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sm52401a
al and Biomolecular Engineering, North
95, USA.ordered (higher entropy) state at the surface, hard proteins
retain their native (low-entropy) structure. Their behaviour at
hydrophilic/charged surfaces is dominated by electrostatic
interactions, i.e., adsorption will occur when the protein and
surface are oppositely charged, but not otherwise.13
Protein adsorption on nanoparticles can be aﬀected by the
high surface curvature of the particles.14–17 Much attention was
paid to the question to what extent the structure of proteins is
perturbed by adsorption onto hydrophilic or hydrophobic
nanoparticles,17–19 or if the interaction with their strongly curved
surface can promote aggregation and brillation of proteins.20,21
On the other hand, it is also possible that the adsorption of the
protein causes bridging of two or more nanoparticles. Only a
few studies so far have addressed protein-induced bridging
aggregation of nanoparticles,22–24 although the potentially
bioadverse consequences of such particle aggregation eﬀects
are well recognized.25
We have studied the interaction of lysozyme, a small glob-
ular protein (dimensions about 3  3  4.5 nm),26 with silica
nanoparticles (20 nm) as a function of pH in dilute aqueous
dispersions.23 Lysozyme is a prototypical hard protein (its
tertiary structure is stabilized by 4 internal disulde bridges)
with a high isoelectric point (pI ¼ 10.7). Hence over a wide pH
range the protein and silica particles (pI ¼ 3) carry opposite net
charges. Accordingly, the adsorption of lysozyme on the silica
particles was found to be strongly pH dependent. No adsorptionThis journal is © The Royal Society of Chemistry 2014
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View Article Onlinewas found up to pH 4, as to be expected for hard proteins on
uncharged hydrophilic surfaces. At higher pH, strong binding
of the protein to a gradually increasing number of adsorption
sites was observed, achieving dense monolayer coverage at pH
8.3, and even higher adsorption levels beyond this pH. In the
entire pH regime between the isoelectric points of silica and
lysozyme, protein-induced hetero-occulation was observed,
but the ocs re-dispersed at higher and lower pH. This revers-
ible occulation contrasts with the familiar situation of poly-
mer-induced bridging occulation.27 Characterization of the
aggregates by small-angle X-ray scattering (SAXS) displayed
characteristic features of silica particles interacting by an
eﬀective short-range attractive potential, clearly distinct from
the eﬀective repulsive potential between silica particles in the
absence of the protein.28,29 The results of our study23 were
consistent with the notion that the negatively charged silica
particles are bridged by the oppositely charged and relatively
rigid protein molecules.
Here we study the inuence of ionic strength on the pH
dependent bridging aggregation. The addition of an electrolyte
will suppress the strength and range of the repulsive interaction
between the positively charged protein molecules and between
the negatively charged silica particles, but also it will screen the
attractive interaction between protein molecules and the silica
particles. For 1 : 1 electrolytes the screening length (Debye
length) decreases from ca. 10 nm to 1 nmwhen the ionic strength
is increased from 1 mM to 100 mM.29 The layer of the adsorbed
protein has a thickness of a few nanometers. Hence in a 1 mM
salt solution the electric double layer extends beyond the layer of
the adsorbed protein, but at 100mM salt the protein layer shields
the surface–protein contact region from the solution. This
implies that the surface charge will be largely compensated by
counterion adsorption onto the contact region.12 In the present
context we are interested in the consequences of this salt-induced
charge neutralization eﬀect on the protein-induced aggregation
of silica particles. Since protein molecules act as bridges between
the silica particles, the number ratio of protein molecules and
silica particles may also be an important determinant for the
structure of the hetero-aggregates. This conjecture was tested by
studying the eﬀective interaction between the bridged silica
particles as a function of electrolyte concentration and for
diﬀerent protein-to-silica particle number ratios.
2. Theoretical background
2.1 SAXS from silica–protein dispersions
Scattering of X-rays from colloidal dispersions results from the
diﬀerence in the mean electron density between the particles
and the surrounding medium. In the present system we have
two types of particles, viz. silica nanospheres and lysozyme
molecules, but scattering arises mostly from the silica nano-
spheres, as a result of their larger size and higher X-ray scat-
tering contrast against the aqueous medium compared to the
protein (see Appendix). To a good approximation, the SAXS data
can therefore be analyzed by the formalism for single-particle
dispersions. The eﬀects caused by the protein are seen indi-
rectly via their inuence on the interaction and structuralThis journal is © The Royal Society of Chemistry 2014correlation among the silica particles. The scattered intensity
I(q) as a function of the magnitude of the momentum transfer q
is then given by
I(q) ¼ Dr24pVpP(q)S(q) (1)
where Dr is the electron density contrast, 4p is the volume
fraction of the particles in the system, Vp is the volume of a
single particle, P(q) is the form factor of a particle, and S(q) is
the structure factor which accounts for the correlations between
the particles in the dispersion. It will be demonstrated that
protein adsorption has only a marginal inuence on the particle
form factor. For the dilute silica dispersions studied in this
work (4p z 0.0045) the interactions between the particles are
negligible in the absence of the protein. Accordingly, the
structure factor of the silica–protein composite systems can be
derived experimentally by dividing I(q) of the dispersion by the
form factor of the silica nanospheres obtained by tting I(q) of a
silica dispersion without protein (y ¼ 0),28
SðqÞ ¼

IðqÞ=4p

y. 0
Dr2VpPðqÞ

y¼0
(2)
2.2 Colloidal uid model
Bridging of two silica particles by the adsorbed protein corre-
sponds to a short-range attractive interaction between the two
silica particles. A simple model describing this eﬀective inter-
action is the square-well (SW) potential30
VSWðrÞ ¼
8<
:
þN r\s
3 s\r\sþ D
0 r. sþ D
(3)
which accounts for excluded volume eﬀects associated with the
hard-core diameter s plus an attractive well of width D and
strength 3. The state of the system depends on the packing
fraction 4 ¼ (p/6)ns3 (where n denotes the number density of
particles) and a reduced temperature T*¼ kBT/3 (where kB is the
Boltzmann constant and T is the experimental temperature).
For given values of 4 and T*, only the well width D remains a
free parameter. This degree of freedom disappears in the sticky-
hard-sphere (SHS) limit,31 where one takes the combined limits
3/ N (i.e., T*/ 0) and D/ 0, while keeping constant the
so-called stickiness parameter s1 h [12D/(s + D)]e3/kBT. The
dimensionless parameter s is proportional to the temperature,
while s1 is a measure of stickiness of the particles. The case
s1 ¼ 0 corresponds to nonsticky hard spheres. The structure
factor of a uid of particles interacting by a sticky-hard-sphere
potential can be calculated analytically from the (exact) Orn-
stein–Zernike equation combined with the Percus–Yevick (PY)
approximation.32 The results are in good agreement with Monte
Carlo simulations of the SHS uid.33 For the square-well uid
there is no analytical solution of the integral equations (in any
closure approximation), but analytical results may be obtained
by considering the attractive well as a perturbation of the hard-
sphere potential.34 To compare the structure factor of the SHS
uid with that of the SWPY uid, one has to dene an eﬀectiveSoft Matter, 2014, 10, 718–728 | 719
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View Article Onlinetemperature se(T*, D). Commonly the criterion imposed is that
the second virial coeﬃcient of the SW uid be equal to that of
the SHS uid, i.e., BSW2 (T*, D) ¼ BSHS2 (se(T*, D)). This yields33
se(T*, D) ¼ [4(l3  1)(e3/kBT  1)]1 (4)
with l ¼ 1 + D/s. Alternative criteria for the equivalence of the
two models have also been suggested.30,35 It was shown33 that the
analytical solution for the structure factor of the SHS uid and
numerical solutions for the SW uid are in good agreement over
a wide range of volume fractions if the well width is small against
the particle diameter (D/s < 0.1). In this case some ambiguity of
the SW model, arising from the fact that diﬀerent combinations
of the parameters D and 3 yield nearly the same structure factor,
can be avoided by mapping the SW model into the SHS model
with an eﬀective stickiness se
1 given by eqn (4). In the present
work the structure factor data were tted with the parameters D,
3 and 4; subsequently, se was calculated with eqn (4).3. Materials and methods
3.1 Materials and sample preparation
Two samples of silica nanoparticles (SNP1 and SNP2) were
synthesized and puried as in our preceding work,23 using the
basic amino acid lysine instead of ammonia as a catalyst for the
hydrolysis of tetraethyl orthosilicate (TEOS).36 The nano-
particles were characterized by SAXS, nitrogen adsorption, and
TEM (Fig. S1, ESI†). The mean diameter D and polydispersity d
of the particles were obtained by tting the SAXS data with the
polydisperse spherical bead model with log-normal size distri-
bution. The specic surface area of the samples was determined
by the BET method and compared with the corresponding
geometric area, ageo ¼ 6/Dr, with r ¼ 2.2 g cm3 the mass
density of silica. The number of silica particles per mL of the
dispersion, NNP, was calculated from the mass concentration,
the particle diameter D and silica density r. The characteriza-
tion parameters of the two silica dispersions used in this study
are summarized in Table 1. Lysozyme from hen egg white
(Sigma-Aldrich, lot no. 019k1320, molecular weight 14.3 kDa)
was used in this study without further purication. Previous
X-ray scattering studies on lysozyme dispersions at pH 4.5 have
reported a radius of gyration of 1.5 nm for the protein.37
Samples investigated in this study were prepared by adding a
1.1 mgmL1 unbuﬀered lysozyme solution to a silica dispersion
at neutral pH, and an appropriate amount of dry NaCl was
added. The pH of the dispersion was then adjusted by adding
small aliquots of 1 M HCl or NaOH, until the pH remained
constant within 0.1 pH units. Since the protein adsorption isTable 1 Characteristics of the LysSil silica nanoparticles
Silica sample SNP 1 SNP 2
Mean particle diameter D/nm 18.7 21.7
Polydispersity D 0.13 0.10
Specic surface area aBET/m
2 g1 188 172
Surface area ratio aBET/ageo 1.29 1.37
720 | Soft Matter, 2014, 10, 718–728causing an initial pH change, the nal pH of the dispersion was
measured aer 24 hours of equilibration at room temperature.
3.2 Methods
SAXS. Measurements were performed on a SAXSess mc2
instrument (Anton Paar, Austria), which was equipped with a Cu
Ka slit-collimated radiation source operated at 40 kV (50 mA).
The sample-to-detector distance was 309 mm. The scattered
intensity I(q) is obtained as the function of scattering vector
q ¼ (4p/l)sin q, where l ¼ 0.1542 nm and 2q is the scattering
angle. A uid ow cell with 1 mm quartz capillary was used.
Each data point I(q) represents the average of the scattering
output intensity of 500 measured frames. The Saxsquant 3.50
soware was used for data reduction. The datasets were
normalized by using the primary beam intensity as a standard.
The dark current and water background were subtracted and
the desmearing process was performed using the correspond-
ing beam length and width proles. The SASt soware38 was
used for further data analysis.
Analytical centrifuge. The dispersions were also character-
ized by sedimentation studies using a LUMiSizer analytical
photocentrifuge (LUM, Germany).39,40 Sedimentation proles
were determined at a centrifugal acceleration of 36g (bottom
position). Subsequently, the compression kinetics of the sedi-
ment was determined at 2300g. The size distribution of ocs was
determined in separate measurements in which the centrifugal
acceleration was gradually increased from 13g to 2300g.
4. Results
The inuence of pH and added electrolyte on the adsorption of
lysozyme and the concomitant protein-induced aggregation of
silica particles was studied at a xed silica concentration (1 wt%)
and diﬀerent amounts of protein. The samples are specied by
the number of proteinmolecules per silica particle, y¼NLyz/NNP.
Characteristics of the studied samples are given in Table 2.
4.1 Protein binding and hetero-aggregation
Fig. 1 shows the protein binding and hetero-aggregation
characteristics of sample A (y ¼ 38) as a function of pH in the
absence of salt and for two salt concentrations (10 and 100 mM
NaCl). In Fig. 1a, protein binding is expressed by the mass of
adsorbed lysozyme per unit surface area of silica, and by the
fraction of the bound protein f. In all cases protein binding
starts somewhat above pH 4 and reaches a level of 0.65  0.02
mg m2 at pH > 7, consistent with complete binding of 1.2 mg
lysozyme to 0.01 g of SNP1 (0.64 mg m2, with the specic
surface area from Table 1). Accordingly, all protein is bound at
pH > 7 (complete-binding regime). Fig. 1a shows that the
protein binding curves for the three diﬀerent ionic strengths
coincide within experimental error over almost the entire
studied pH range. This nding was conrmed in repeated
experiments. A distinct salt eﬀect was observed only at the
highest experimental pH value (pH ¼ 10.5), at which incom-
plete binding of lysozyme was found at the highest salt
concentration.This journal is © The Royal Society of Chemistry 2014
Table 2 Characteristics of silica–protein samples
Dispersion
Sample A
y ¼ 38
Sample B
y ¼ 11
Silica volume fractiona 4 0.0045 0.0045
No. of particles per mL NNP/mL
1 1.32  1015 0.85  1015
Mean particle separation d/nm 91 106
Lyz molecules per mL NLyz/mL
1 5.05  1016 0.99  1016
Lyz surface concentration G0/nm
2 26.9  103 5.8  103
a Based on the silica mass density r ¼ 2.2 g cm3.
Fig. 1 Lysozyme interaction with silica nanoparticles in system A (y ¼
38) as a function of pH: (a) adsorbed amount of protein as a function of
pH in the absence of added salt and for 10 mM and 100 mM NaCl; (b)
turbidity of the dispersion as a function of pH for bare silica (triangles
right) and for the added lysozyme with 0 (diamonds), 10 (triangles up)
and 100 mM NaCl (squares).
Fig. 2 Results of analytical centrifuge studies: (a) cumulative size
distribution for silica–lysozyme aggregates at four diﬀerent salinities
indicating the increase in average aggregate size with the concentra-
tion of added NaCl; (b) and (c) packing density of the silica–lysozyme
aggregates as a function of time at diﬀerent salt concentrations from
the sedimentation kinetics measured at 36g and 2300g, respectively.
Table 3 Size and size distribution of hetero-aggregates in system A (y
¼ 38) at pHz 11 at diﬀerent salt concentrationsa
cNaCl/mM L/nm DL/L
10 37 0.11
25 350 0.28
50 1056 0.27
100 1167 0.25
a cNaCl, the concentration of the added NaCl; L, the mean size of
aggregates; DL, the standard deviation of the size distribution.
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View Article OnlineThe turbidity of the samples as a function of pH at diﬀerent
ionic strengths is shown in Fig. 1b in comparison with the low
turbidity of the silica sample without protein. In the absence of
lysozyme no silica aggregation was observed up to 100mMNaCl
in the studied pH range (not shown). For the protein-containing
samples the turbidity starts to increase above pH 4, in parallel
with protein binding (Fig. 1a). At low salt concentration (10mM)
the turbidity passes a maximum and returns to low values at pH
10. This behaviour is a signature of protein–silica hetero-
aggregation and re-dispersion near the isoelectric point of the
protein. At low electrolyte concentrations hetero-aggregation is
completely reversible in pH, as it was found in the absence of
the electrolyte.23 At higher ionic strength (100 mM), however, a
diﬀerent aggregation behaviour is observed in the high pH
regime, where the turbidity is not decreasing but sharply
increasing with pH (Fig. 1b). The inuence of ionic strength on
the hetero-aggregation behaviour near pH 10 was studied in
more detail by sedimentation measurements (see below).
The results presented in Fig. 1 are constitutive for the
phenomenon of protein–silica hetero-aggregation induced by
protein binding. An unexpected aspect revealed by the twoThis journal is © The Royal Society of Chemistry 2014graphs is that the diversity in the aggregation behaviour is not
reected in the protein binding characteristics. We return to
this point in the Discussion section.
4.2 Aggregation properties from the sedimentation study
Analytical centrifugation was used to characterize the inuence
of ionic strength on the size and packing density of the silica–
lysozyme hetero-aggregates at high pH. The distribution of
aggregate size was determined from the time evolution of the
transmission at a xed sample height, as explained else-
where.39,40 Fig. 2a presents the cumulative volume-weighted size
distributions for sample A (y ¼ 38) at pH z 11 at four salt
concentrations from 10 to 100 mM. The resulting mean aggre-
gate size L and size distribution DL as a function of the
concentration of the added electrolyte are given in Table 3. It
can be seen that at this high pH an increase in salt concentra-
tion causes a strong increase of the mean aggregate size. This
nding is in line with the observed increase in turbidity with
increasing electrolyte concentration at the highest pH (Fig. 1b).
The sedimentation rate of the silica–lysozyme dispersions
was measured to determine the sediment volume as a function
of centrifugal stress. Sediment volumes Vsed were determined by
monitoring the boundary between the sediment and the
supernatant (dened as the locus of 75% limiting transmission
value) as a function of time at centrifugal accelerations of 36g
and 2300g (Fig. S2 in the ESI†). The packing density (volume
fraction) of silica particles in the aggregates was estimated from
Vsed as 4s¼ms/(rsVsed), wherems is the total mass of silica in the
sample and rs is the mass density (2.2 g cm
3). Results for weakSoft Matter, 2014, 10, 718–728 | 721
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View Article Onlineand strong sedimentational compression (36g and 2300g) at
three diﬀerent salt concentrations at pH 11 are shown in Fig. 2b
and c. For the lowest salt concentration (10 mM) no occulation
was detectable. The sample with 25 mM salt showed very slow
sedimentation at 36g, and no sharp boundary between the
sediment and the supernatant was observed aer prolonged
centrifugation. At higher salt concentrations the packing
density quickly increased with time, reaching values 4s ¼ 0.14
and 0.16, respectively, at 50 mM and 100 mM salt concentra-
tions (Fig. 2b). The faster sedimentation and larger silica
volume fraction in the sediment attained at 100 mM salt
concentration is a signature of larger and more compact
aggregates. The samples were then subjected to a centrifugal
stress of 2300g, leading to limiting volume fractions 4s,max of
0.34 and 0.40, respectively for 50 mM and 100mM salt, while for
25 mM salt the limiting value of 4s was not attained in the
observation time (300 s). The error in 4s resulting from the
determination of Vsed for the 25 mM salt sample was higher
than for the strongly aggregated dispersions (50 and 100 mM).4.3 Structure factor and eﬀective particle interaction
SAXS was used to characterize the eﬀective interaction between
silica particles induced by protein adsorption at diﬀerent
protein-to-silica particle number ratios y. A study covering the
entire pH range from pI of silica to pI of the protein wasmade at
y ¼ 38 (sample A in Table 2). Complementary measurements in
the complete-protein-binding regime at pH 8.3 were made for
sample B (y ¼ 11) and also samples with y up to 100.
Scattering proles I(q) for sample A at several pH values are
shown in Fig. 3 for a low and a high salt concentration (10 and
100 mM). At high values of the scattering vector (q > 0.5 nm1;
Rq > 4.6), all scattering curves are in agreement withinFig. 3 SAXS intensity proﬁles I(q) for the protein–silica sample A (y¼ 38)
at diﬀerent pH values, as indicated by the symbols and numbers in the
graphs: (a) and (b): at 10mMNaCl; (c) and (d) at 100mMNaCl. The graphs
in (a) and (c) show the complete I(q) curves plotted on a log–log scale.
Scattering proﬁles in (b) and (d) show the low-q region of the scattering
curves at 10 and 100 mM, respectively, on a linear intensity scale.
722 | Soft Matter, 2014, 10, 718–728experimental accuracy with I(q) of the silica sample without the
protein (Fig. 3a and c). This is expected because scattering is
dominated by the silica particles (see Appendix). On the other
hand, pronounced diﬀerences in I(q) appear in the low-q region
(Fig. 3b and d) as a function of pH at given ionic strength, and
also for diﬀerent ionic strengths at given pH. At pH < 4 and low
ionic strength (10 mM) the scattering curves resemble that of
bare silica. I(q) approaches a constant limiting value at q < 0.1
nm1, indicating a stable colloidal dispersion. This is in line
with the observation that no protein binds to the silica particles
at low pH (Fig. 1a). At pH > 4, when the silica particles attain a
surface charge opposite to that of the protein, scattering curves
with steeply increasing low-q intensity are observed, This low-q
scattering behavior conforms to a power-law I(q) f qn and
indicates formation of large-scale aggregates in the dispersion.
Increasing the ionic strength also aﬀects the low-q scattering
behaviour, but its inuence depends markedly on pH. A strong
inuence of ionic strength is found around pH 5 and an even
stronger inuence near pH 10, where silica–lysozyme aggre-
gates re-disperse in the absence of salt, but form densely packed
ocs at 50 and 100 mM salt (Fig. S3 in the ESI†). Salt-induced
occulation of the dispersion at pH 10 is demonstrated by the
increasing value of the power-law exponent n of the low-q
scattering regime, from nz 1.5 at 10mM to n > 3 at 100mM salt
concentration. In the regime between pH 5 and 10, the inu-
ence of the added salt on the scattering curves is less
pronounced. Table 4 summarizes the values of the power-law
exponent n derived from the scattering curves for pH 5.0, 6.7,
and 10 at diﬀerent concentrations of the added salt.
The structure factor S(q) was determined from the scattering
curves of the silica–protein dispersions using eqn (2). Results
for several salt concentrations at pH z 5 and pH z 10 are
shown in Fig. 4a and b, respectively. The S(q) data exhibit an
oscillatory behavior. The primary maximum in S(q) increases in
amplitude with the increasing salt concentration, indicating a
stronger eﬀective interaction between the silica particles at
higher ionic strength. This is in contrast to the behavior of the
silica system without the protein, in which increasing ionic
strength causes a damping of the oscillations in S(q).41 The
scattering proles in Fig. 4a and b also exhibit a weak secondary
maximum, but the quality of the S(q) data in that q region is
blurred by the limited precision of the polydispersity of the bare
silica nanoparticles, as explained elsewhere.23 Another distinc-
tive feature is the increase of S(q) at q < 0.2 nm1 which is
pronounced at low ionic strength but not at high ionic strength
(100 mM).Table 4 Parameters n (I(q)f qn) for sample A at diﬀerent pH and salt
concentrations
cNaCl n at pH 5.0 n at pH 6.7 n at pH 10
0 2.1 1.5 0.9
10 2.6 1.4 1.4
25 2.7 2.1 2.1
50 2.9 2.6 3.0
100 3.6 2.7 3.7
This journal is © The Royal Society of Chemistry 2014
Fig. 4 Structure factor S(q) derived from experimental scattering
proﬁles I(q) for protein–silica sample A (y ¼ 38) at diﬀerent salt
concentrations cNaCl as indicated in the ﬁgures: (a) at pH 5; (b) pH 10.
Experimental data are shown by the symbols, the lines represent ﬁts by
the square-well potential; (c) comparison of the ﬁt results for pH 5 and
pH 10 at diﬀerent electrolyte concentrations. The ﬁt parameters for
diﬀerent pH and salt concentrations are shown in Fig. 5.
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View Article OnlineThe S(q) data were analyzed with the uid model of particles
interacting by a square-well potential, using the mean particle
diameter D of Table 1 for the hard-core diameter of the pair
potential (s ¼ D). Fits are shown by the full lines in Fig. 4a and
b. The data are well reproduced in the q range below 0.4 nm1,
where experimental artifacts are not playing a signicant role.
In particular, the position and height of the primary maximum
and the behaviour at low q are well reproduced by this model.
Similar ts were obtained for the data at other pH values. Fig. 5
shows values of the t parameters D, 3 and 4 for the complete
set of S(q) data as a function of pH for diﬀerent salt concen-
trations. The main results are as follows: the well width D
increases with pH to values near 2 nm (D/s z 0.1) at pH 9,Fig. 5 Analysis of structure factor data in terms of the square-well ﬂuid m
(b) well depth 3/kBT; (c) particle volume fraction in the aggregates 4, plo
mM. The graphs in (d) show the eﬀective stickiness se
1 as obtained from
This journal is © The Royal Society of Chemistry 2014nearly independent of the salt concentration. At pH > 9 a steeper
increase to values beyond 3 nm (D/sz 0.15) is observed at high
salt concentrations. For the well depth 3 values between 2 kT
and 3 kT are found, decreasing with increasing pH, but with
pronounced excursions to higher values near pH 5 and pH 10 at
high salt concentrations. For the packing fraction 4 a strong
dependence on the ionic strength is found: at a low salt
concentration (10 mM) it reaches a maximum value 4 z 0.15
near pH 5 and falls oﬀ to low values at high pH. At a high salt
concentration (100 mM) the maximum near pH 5 becomes
much more prominent and a sharp increase to values 4z 0.30
occurs near pH 10. Except for the specic eﬀects near pH 5 and
pH 10, the graphs in Fig. 5a and b indicate opposite trends of
the parameters 3 and D as a function of pH. These antagonistic
changes in the potential well parameters must be taken with
reservation, because diﬀerent combinations of D and 3 can give
ts of nearly the same quality. This situation is characteristic of
systems interacting by a short-range potential, as in the present
case where D/s < 0.1 (except at pH > 9). As explained in Section
2.2, the parameters 3 and D can be replaced by the more robust
stickiness parameter se given by eqn (4). Values of se
1 calcu-
lated by this relationship are shown in Fig. 5d. At low ionic
strength se
1
rst increases with pH and then stays nearly
constant at se
1 z 11 over a wide pH range. At higher ionic
strength pronounced maxima in se
1 appear near pH 5 and pH
10, reecting the respective local maxima in the parameter 3 of
the square-well potential (Fig. 5b). We return to this salt inu-
ence on the eﬀective stickiness in Section 5.2.
Sample B (y¼ 11; see Table 2) was studied at pH 8.3 at several
salt concentrations up to 100 mM. Fig. 6 presents the SAXS
proles I(q) and an analysis of the structure factor S(q) on theodel for system A (y¼ 38). Values of the ﬁt parameters (a) well-widthD;
tted as a function of pH for diﬀerent salt concentrations from 0 to 100
the parameters D and 3/kBT by eqn (4).
Soft Matter, 2014, 10, 718–728 | 723
Table 5 Analysis of the structure factor data for System B (y¼ 11) at pH
8.3: slope n of the low-q region in I(q), and parameters of the SWPY
ﬂuid model: well width D, well depth 3/kT, equivalent stickiness 1/se,
and eﬀective volume fraction 4 of particles in the aggregatesa
cNaCl n D/nm 3/kT 1/se 4
0 0.01 1.2 2.1 5.3 0.08
10 0.03 1.5 2.1 6.2 0.09
50 1.9 1.3 2.7 10.1 0.16
100 2.5 1.7 2.5 11.2 0.15
a All measurements were made at 25 C.
Fig. 7 Eﬀective stickiness se
1 of the silica particles as a function of the
protein-to-silica particle number ratio y in the complete-protein-
binding regime (pH ¼ 8.3) for diﬀerent salt concentrations (0, 10, 50
and 100 mM).
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View Article Onlinebasis of the square-well uid model. Here again, all scattering
curves are in agreement with that of the silica dispersion
without the protein in the region of high scattering vector
(q > 0.45 nm1; Rq > 4.8), and power-law behavior as I(q)f qn is
observed in the low-q region (at q < 0.15 nm1). Results of a
quantitative analysis of the power-law region and of the struc-
ture factor in terms of the SWPY model are summarized in
Table 5. The exponent n has a value close to zero at low ionic
strength (up to 10 mM), but a high value at the highest 100 mM
NaCl, indicating that large-scale aggregates are formed only at
high ionic strength at pH 8.3. Analysis of the structure factor
data with the SWPY model yields square-well potential param-
eters D and 3 both increasing with the ionic strength. Since the
pair potential is again short-ranged (relative well width
D/s < 0.08 in all cases), the main information that can be
extracted from S(q) is the eﬀective stickiness se
1 and volume
fraction 4 of silica particles in the aggregates (Table 5). The
pronounced increase in eﬀective stickiness with the concen-
tration of the added electrolyte in this system is shown in
Fig. 6d. This behavior is remarkably diﬀerent from the weak
inuence of ionic strength on the stickiness observed in system
A at pH 8.3 (see Fig. 5d). To better understand this inuence of
the lysozyme-to-silica particle number ratio on the eﬀective
stickiness se
1 of the silica particles, we performed SAXS
measurements on samples with several diﬀerent particle
number ratios y at pH 8.3, and analyzed the structure factor S(q)
in the same way as explained above. Fig. 7 shows the resulting
values of the eﬀective stickiness se
1 plotted as a function of the
particle number ratio y. This graph clearly demonstrates that
the number of protein molecules per silica particle strongly
aﬀects the aggregation behavior at low ionic strength and low y,Fig. 6 SAXS scattering intensity proﬁle I(q) for lysozyme–silica system
B (y ¼ 11) at pH 8.3 and diﬀerent salt concentrations: (a) complete I(q)
curves plotted on a log–log scale; (b) low-q region of the scattering
curves plotted on a linear intensity scale; (c) experimental structure
factor derived from I(q) data and ﬁts by the square-well potential; (d)
resulting values of the eﬀective stickiness se
1 as a function of salt
concentration at pH 8.3.
724 | Soft Matter, 2014, 10, 718–728where the eﬀective particle stickiness sharply decreases with
decreasing y, but not at high ionic strength and high ywhere the
particle stickiness becomes nearly independent of the number
of protein molecules per silica particle.5. Discussion
5.1 Protein binding
The present results support earlier reports7–11,42–44 that the
adsorption of lysozyme on silica surfaces is mainly due to
electrostatic interactions. This is concluded from the fact that
the sharply increasing protein binding curve (Fig. 1a) correlates
with the pH dependence of the charge density of silica
surfaces.45 According to the potentiometric titration of a nano-
scale pure silica surface46 the negative surface charge density
increases from a very low value (< 3  104 e per nm2) at pH 5
to ca. 0.015 e per nm2 at pH 7 and 0.035 e per nm2 at pH 8
(values read from Fig. 2 of ref. 46). A similar value (0.016 e per
nm2 in pure water at pH 6) was reported by Zeng et al.,29 while
somewhat higher values (0.09 and 0.15 e per nm2, respectively,
for pH 6 and 7 in 1 mM NaCl) were given by Shin et al.47 Due to
the low charge density of the silica surface at low pH the mean
distance between two charged surface sites exceeds the foot-
print length of a lysozyme molecule. This implies that the
individual protein molecules can bind to only a single charged
surface site. Nevertheless, adsorption isotherms in the pH 5–7
regime exhibit a high-aﬃnity character like those at higherThis journal is © The Royal Society of Chemistry 2014
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View Article OnlinepH.23 This indicates that binding to a single charged surface site
is suﬃcient for high-aﬃnity adsorption of lysozyme on the silica
surface. Specically, for our sample A (0.64 mg lysozyme per m2,
corresponding to a surface concentration G0 of 0.027 molecules
per nm2; see Table 2) the surface charge densities of silica
reported in ref. 46 suggest that complete protein binding (f ¼ 1)
should be reached at a pH somewhat above pH 7, in agreement
with the experimental nding (Fig. 1a). Note that the limiting
surface concentration of G0 ¼ 0.027 nm2 for sample A corre-
sponds to only one third of the maximum monolayer adsorp-
tion (G0 ¼ 0.083 nm2) estimated from the footprint area of
lysozyme molecules adsorbed side-on (ca. 12 nm2). For the
partial binding regime (f < 1), i.e., when protein binding is
limited by the available surface charge, our results then indicate
that the adsorbed lysozyme molecules bind to single ionized
surface groups. This case resembles the scenario reported by
Shin et al.48 for the adsorption of polyelectrolyte oligomers on
silica in a similar pH regime. In the present work, a complete
monolayer of protein (G0 ¼ 0.083 nm2) is attained only by the
sample with the highest protein-to-silica particle number ratio
(y¼ 100) at pH 8.3, while for sample A nearly 65% of the surface
remains free from the protein (more than 90% for sample B) in
the complete-protein-binding regime.
The insensitivity of the protein binding curve against the
added electrolyte in the charge limited regime below pH 8
(Fig. 1a) is surprising in view of earlier studies4,6,8,9,42,43 which
reported that increasing ionic strength is causing a decrease in
adsorption of lysozyme on silica surfaces. Tentatively, we attri-
bute the observed insensitivity of the binding characteristics
against salt to a compensation of two opposing eﬀects: (a)
increasing silanol dissociation due to the added salt;45,46,49 (b)
counter-ions of the salt competing with the protein for the
charged surface sites. According to Shin et al.,48 binding of
sodium counter ions to charged silanol groups plays no
signicant role in the relevant pH regime (less than 1% of the
negative surface sites up to pH 8). Preliminary results of a
systematic study of the salt eﬀect on the adsorption isotherms50
indicate that the insensitivity against the salt concentration is
limited to the charge-limited regime below pH 8, while at higher
pH the expected decrease in adsorption with increasing ionic
strength is observed. Hence, our results do not contradict
reports on salt eﬀects on the adsorption at pH > 8, as in the work
of Lundin et al.435.2 Bridging aggregation
Aggregation and occulation in our system is attributed to
bridging of silica particles by lysozyme molecules. In order to
act as a bridge the protein must have binding sites on opposite
sides of the molecule. Surface patches having a high positive
electrostatic potential will represent strong binding sites for the
negative surface of the silica particles. Electrostatic potential
calculations51 for patches of the lysozyme surface (0.5 nm
radius) showed that the N-terminal amino acid lys 1 represents
the most positive patch, followed by lys 13 and lys 116. While lys
13 is situated not far apart from lys 1, lys 116 is nearly on the
opposite side of the molecule and may thus represent a bindingThis journal is © The Royal Society of Chemistry 2014site for the second silica particle in the bridging geometry.
Equivalent conclusions resulted from an experimental search
for favourable binding orientations of lysozyme on negatively
charged surfaces, which also indicated that pH may have a
pronounced inuence.51 Obviously, from the present results we
cannot decide which of the basic amino acids forms the binding
site on the lysozyme molecule.
The present work shows that the ionic strength is strongly
aﬀecting the bridging aggregation, although no inuence on
protein binding to the silica particles is detectable (Fig. 1). The
inuence of the added salt on the hetero-aggregation is demon-
strated by the increase in aggregate size and packing density
found in the centrifugation study (Fig. 2), and by the low-q scat-
tering behaviour of the SAXS intensity proles (Fig. 3b and d). The
increase in the primary maximum of S(q) (Fig. 4 and 6c) also
indicates an increase in the particle packing density in the hetero-
aggregates when the salt concentration is increased. Moreover, we
nd that the inuence of ionic strength on the bridging interac-
tion of the protein with the silica particles varies with pH. The
eﬀective stickiness se
1 of the silica particles in the silica–protein
dispersions can be used to characterize the strength of the
bridging interaction. As shown in Fig. 5d, an increase in salt
concentration from 10 to 100 mM causes a pronounced increase
in se
1 in pH ranges near pH 5 and 10, but it shows only a
moderate increase in the intermediate range from pH 6 to 9.
The marked salt eﬀect at pH 5 may be rationalized by
remembering that in the low protein binding regime, the low
surface charge of the silica particles limits the number of highly
charged protein molecules that are bound. Screening of the
repulsive interaction may then favour bridging congurations in
which silica particles come into close contact with their next
neighbours, while the bridging protein molecule occupies
binding sites close to the particle–particle contact point. In such
a conguration the van der Waals interaction will contribute to
the attractive interaction between the silica particles and to their
eﬀective stickiness. As pH is raised and more protein molecules
are bound to the silica particles, low-coordinated open aggregate
structures will be favoured to reduce the repulsive electrostatic
interaction between protein molecules adsorbed on neighbour-
ing particles. The added electrolyte causes a decrease of the
eﬀective charge on the lysozyme molecules,52–54 and thus weaker
repulsive interactions between protein molecules adsorbed near
the bridging contact of neighbouring particles. The lower
repulsive strain resulting from screening the repulsive interac-
tion between adsorbed protein molecules can possibly explain
the somewhat higher eﬀective stickiness of the silica particles at
higher ionic strength observed in this intermediate pH regime
from pH 6 to 9 (Fig. 5d).
Above pH 9 the net positive charge of lysozyme molecules
decreases sharply as the isoelectric point is approached, but
some of the positive binding sites persist up to pH > pI.51 The
electrostatic repulsion between the highly charged silica parti-
cles opposes the bridging by the protein and eventually causes
the breaking of silica–protein bonds and re-dispersion of the
silica at pH > 9. In the presence of the electrolyte, this repulsive
interaction between the silica particles is screened and bridging
of silica particles by proteinmolecules can sustain. Close to pI ofSoft Matter, 2014, 10, 718–728 | 725
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View Article Onlinethe protein, attractive interactions between adsorbed, but non-
bridging protein molecules may also add to the stability of the
hetero-aggregates. Specically, the release of bound Cl counter
ions and partial dehydration of the surface that would expose
hydrophobic patches of the protein surface to the solution may
cause hydrophobic aggregation of lysozyme similar to the case of
crystallization–precipitation at pH 10–11 and high salt concen-
tration.52 Indeed, hydrophobic interactions between adsorbed
proteinmolecules may be the driving force of hetero-aggregation
in this regime. This eﬀect becomes stronger with increasing salt
concentration and may cause the observed increase in the mean
aggregate size and the packing density of the ocs (Fig. 2).
5.3 Inuence of the protein concentration
The strength of the bridging interaction and its dependence on
the ionic strength are aﬀected by the protein-to-silica number
ratio y ¼ NLyz/NNP. This inuence exists in the complete-protein-
binding regime at high pH, but not at lower pH, where protein
binding is limited by the low charge density of the silica surface
(see Section 5.1). The inuence of ionic strength on the bridging
interaction is most pronounced at low y. This trend is brought out
clearly by the dependence of the eﬀective stickiness parameter
se
1 on the particle number ratio y in Fig. 7. At the lowest protein-
to-silica particle number ratio studied in this work (y ¼ 11), weak
hetero-aggregation in the absence of salt is indicated by a low
eﬀective stickiness se
1, but pronounced hetero-aggregation
occurs at 100 mM salt concentration, indicated by the high value
of the eﬀective stickiness (Fig. 6). This strong inuence of ionic
strength on the eﬀective stickiness at low protein concentrations
reects the competition between attractive protein bridging and
repulsive electrostatic interaction between the highly charged
silica particles in the aggregates. At low ionic strength the repul-
sive interaction between the particles dominates, but this repul-
sive interaction is screened at higher ionic strength. At higher
concentration of the protein on the silica particles (higher y) the
high surface charge of the silica particles is partly shielded by the
opposite charge of the adsorbed lysozyme, so that the bridging
interactions dominate even at low salt concentrations. Hence the
trends shown in Fig. 7 reect the complex interplay between
the surface-specic protein binding and bridging interactions and
the unspecic electrostatic interactions between the charged silica
and protein particles as a function of pH and ionic strength. We
remark that the strong inuence of ionic strength manifested at
low protein-to-silica particle number ratio y in the complete-
protein binding regime at pH 8.3 (Fig. 6d) has a diﬀerent origin
from the somewhat similar eﬀects seen in the low protein binding
regime at pH 5 (Fig. 5d). As explained in Section 5.2, we propose
that in this case screening of the weak electrostatic interaction
between the silica particles allows for close contacts between the
particles, so that attractive van der Waals interactions will add to
the protein bridging interaction and cause a high eﬀective
stickiness of the particles.
5.4 Phase behaviour
In Section 4.3 it was shown that the eﬀective interaction between
silica particles in the bridging aggregates can be represented by726 | Soft Matter, 2014, 10, 718–728the SHS model. The phase diagram of the SHS uid contains a
liquid/vapour coexistence region with the critical point located
at a reduced critical temperature sc ¼ 0.113 (sc1 ¼ 8.8) and
critical density ncs
3 ¼ 0.508 (4c ¼ ncs3p/6 ¼ 0.266).55 For
colloidal dispersions the two-phase region corresponds to a
occulation into large-scale aggregates in coexistence with
monomers and small aggregates. The SHS model also predicts
percolation, and the vapour–liquid critical point lies at a density
far beyond the percolation threshold.55,56 This implies that the
occulate phase will consist of fully percolated aggregates,
consistent with our picture of large-scale bridging aggregates.
Since the eﬀective interaction among silica particles in these
aggregates depends on pH and ionic strength, data obtained at a
constant temperature but at diﬀerent values of pH and/or ionic
strength correspond to diﬀerent reduced temperatures se in the
phase diagram. When expressed by the stickiness se
1, values
less than the critical value (se
1)c ¼ 8.8 correspond to states in
the one-phase region and values greater than 8.8 correspond to
states in the two-phase region. The results of our study are
consistent with this prediction. As shown in Fig. 5d, we nd low
values of the stickiness (se
1 < 8.8) at pH < 4, where no occu-
lation occurs, but high values (se
1 > 10) in the pH range of 4 to
9, in which large-scale occulation is observed. Near pH 10, very
high values of se
1 are found at high ionic strength (100 mM),
but values well below the critical value 8.8 are found at low ionic
strength, consistent with the fact that re-dispersion of the oc-
culate occurs above pH 10 in the absence of the added salt (as
documented in Table 4 of our earlier paper23).
We interpret the parameter 4 extracted from the structure
factor S(q) as a measure of the packing fraction of silica
particles in the aggregates. Qualitatively, the trends in the
values of 4 as a function of pH and ionic strength are similar to
those for the stickiness se
1 (Fig. 5c and d); relatively low
values (4¼ 0.05 or less) are found for samples in the one-phase
region of the phase diagram (se
1 < 8.8), but values up to
4 ¼ 0.30 are found for samples in the two-phase region (se1 >
8.8). For the two-phase region this trend is expected from the
shape of the coexistence curve, as the density of the condensed
phase increases with decreasing temperature. Accordingly, the
high values of 4 at pH 5 and 10 at high salt concentrations can
be traced back to the strong bridging interaction (high eﬀec-
tive stickiness se
1), which implies a low reduced temperature
se in the phase diagram. Hence the qualitative behaviour of
our system can be rationalized on the basis of the one-
component SHS model. However, the values of 4 extracted
from the structure factor are lower than expected from the
phase diagram of the SHS model obtained by Grand Canonical
Monte Carlo simulations.55 For example, the value obtained
for the lowest temperature (4z 0.30 at se
1z 25) is not much
higher than the critical density obtained in the GCMC simu-
lations (4cz 0.27), although this density corresponds to a very
low reduced temperature (se/se,c z 0.35). The values of 4
extracted from the structure factor data for pH 10 (Fig. 5c) are
also somewhat lower than the packing densities of the oc-
culate derived from the centrifugation study (Fig. 2c). Such
deviations are not unexpected in view of the simplicity of the
underlying model.This journal is © The Royal Society of Chemistry 2014
Fig. 8 Diﬀerent regions of protein binding and bridging aggregation of
lysozyme with silica nanoparticles as a function of pH and salt
concentration.
Table 6 Estimation of the scattering contributions of each compo-
nent towards the total intensity for silica and lysozyme dispersion in
watera
Material Rg (nm)
rm
g cm3
rSLD
(1010) cm2
DrSLD
2 
Rg
3 cm1
H2O — 0.99 9.4 —
Lysoyzme 1.5 1.35 12.3 2.8
Silica 10.8 2.25 19.2 12.3  103
a Rg is the radius of gyration, rm is the mass density in g cm
3, rSLD is
the Cu-Ka scattering length density in cm
2, and DrSLD is the
scattering contrast in water (rSLD–rSLD(H2O)).
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View Article Online6. Conclusions
We have studied the combined inuence of pH and ionic
strength on the binding of lysozyme to silica nanoparticles and
the protein-induced aggregation of the particles. Our results
support the notion that lysozyme molecules can bind to nega-
tive surface sites by ion pair formation with one of the strongly
charged lys (or arg) residues of the protein, and that up to pH 7
the protein adsorption is limited by the number of charged
surface groups. For this pH regime it is found that the protein
binding curve is essentially unaﬀected by the ionic strength.
The eﬀective interaction between silica particles caused by
protein bridging was extracted from the SAXS structure factor
data with a structure factor model based on a square-well pair
potential close to the sticky-hard-sphere limit. The eﬀective
stickiness se
1 and packing fraction 4 of the particles represent
useful parameters to characterize the bridging aggregates as a
function of pH and ionic strength. A pronounced increase of
se
1 and 4 with the ionic strength is found near pH 5 and pH 10,
but we argue that the high stickiness and packing fraction of the
particles in these two pH regions have a diﬀerent origin.
In Fig. 8 the combined inuence of the salt concentration
and pH on the hetero-aggregation is sketched by regions I–IV. At
low pH (region I) the silica particles are nearly uncharged and
lysozyme is not adsorbed. Weak aggregation of the silica
particles resulting from absent charge stabilization in this
regime is indicated by a low eﬀective stickiness. In the partial-
protein-binding regime at higher pH (region II), bridging of
silica particles by a small number of protein molecules can leadThis journal is © The Royal Society of Chemistry 2014to aggregates of fairly high packing density. In this regime,
screening of the weak repulsive electrostatic interaction
between the silica particles can cause the particles to approach
each other more closely without loss of the bridging interaction
by the protein molecules. In the complete-protein-binding
regime above pH 6 (region III), repulsive interactions between
the protein molecules adsorbed at close distances on neigh-
bouring silica particles are favouring low-coordinated open
aggregates. As the repulsive interaction among these protein
molecules is screened by the added salt, the eﬀective particle
interaction and the packing density increase. Screening of the
repulsive electrostatic interactions between the highly charged
silica particles is the dominating salt eﬀect in region IV. In the
proximity of the isoelectric point of lysozyme (pI z 10.7)
hydrophobic interactions between adsorbed protein molecules
also add to the high eﬀective stickiness found at high salt
concentrations in this regime.
Hence the present results show that pH and ionic strength
determine the bridging aggregation behaviour in this system, in
spite of the fact that protein binding to the silica particles is
almost unaﬀected by the ionic strength at the protein concen-
trations chosen in this study. Another important nding of this
work is that the protein–silica hetero-aggregates can be ana-
lysed on the basis of eﬀective interactions of a single-compo-
nent square-well uid. Further work is needed to assess the
scope of applicability of this approach.
Appendix
Table 6 gives an estimate of the scattering contributions of the
silica particles and lysozyme to the overall scattering. According
to this estimate the scattering contribution of the protein is
smaller than that of the silica particles by nearly a factor of 4000.
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